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Abstract
X -ray computed tomography (CT) is an ideal technique for investigating the internal 
structure o f multiphase materials in a noninvasive and nondestructive manner. CT  
technology used in conjunction with specialized algorithms and advanced computer 
facilities can be used to provide quantitative information in addition to being an ideal 
medium for scientific visualization. This paper reviews some advanced reconstruction 
algorithms and examines two cases in which C T has been successfully used I (1) coal 
washability analysis and (2) density gradient determination in an air-sparged hydrocy-
clone (ASH) flotation.
Introduction
X-ray computed tomography (CT) technique 
had its origin in the medical services1- and is 
now being applied to non-medical and indus­
trial applications2-. CT techniques have an 
inherent advantage in providing very detailed 
images of the internal structures of opaque 
materials in a nondestructive manner. Never­
theless, most of the industrial applications of 
CT are qualitative in nature, probably a carry 
over from its use in the medical field. It should 
be noted that CT images contain enough infor­
mation to allow for the quantitative description 
of the object being analyzed.
This paper is divided into two major sections, 
the first section covers the theoretical aspects 
of tomography and the numerical algorithms 
necessary for image reconstruction. The sec­
ond section deals with some examples of quanti­




The relationship between the initial intensity 
of an X-ray beam as it leaves the source and the 
final intensity of the same beam after it has 
passed through a section of the target material 
can be described by the following equation.
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I s = I i e x p [ - f  ( 1 )
San
where I
/ 1=initial intensity of the X-ray beam 
I t —final intensity of the X-ray beam 
pt =  linear attenuation coefficient.
Figure 1 illustrates the above mentioned equa­
tion.
An important assumption that was made 
implicitly in Equation 1 is that the X-ray beam
Detector
X-Ray Source
Fig. 1 A diagram showing an X-ray beam as it emanates 
from the source, passes through the sample, and 
finally is collected at the detector.
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intensity is monochromatic in nature. This is 
not strictly true. Rearranging Equation 1 in the 
following manner,
l n y j \  = j  nix,y)ds ( 2 )
shows that the left-hand side of Equation 2 is a 
measured quantity. This value can be obtained 
from the CT machine. The right-hand side of 
Equation 2 represents the ray integral of the X 
-ray beam that passed through the sample. If 
Ray is defined as follows :
x  cos 6—y  sin 9 =  Ray (3 )
then the line integral can be written in the 
following manner.
Pe (Ray)= j  f(x,y)ds (4 )
where :
P e (Ray) = is the projection of the X-ray 
beam that passes through the sample;
Notice that the right-hand side of Equation 4 
is essentially the same as the right-hand side of 
Equation 2. The unknown function f(x,y) simply 
takes the place of the linear attenuation coeffi­
cient n(x,y). By using the definition of the Dirac 
delta function, Equation 4 can be reformulated 
as :
00 00
Pe(Ray) = J  j f(x ,y)8(xcos8—ysm d—Ray)dxdy 
' ( 5 )
Equation 5 is known as the Radon transform 
of the function f(x,y). If we pass a series of line 
integrals through the unknown function f(x,y) at 
a fixed angle 6, we obtain what is called a 
projection P(8). This is shown in Figure 2.
P(6) can be obtained by using an assemblage 
of sources and detectors and translating them 
at predefined intervals until they cover the 
entirety of the sample being scanned. In order 
to correlate the projection P(6) to a reconstruct­
ed X-ray CT image, we need to use the prop­
erties of Fourier transforms3-. Although a very 
simplified and conceptual approach will be 
presented here, a more rigorous mathematical 
treatment can be found in standard texts4'5-. 
Furthermore, the treatment here will be con­
fined to the case of parallel-beam geometry. 




Fig. 2 An illustration showing several rays traversing 
through the sample at a fixed angle. The data from 
the series of rays are called a projection P(8).
If a 2-D Fourier transform is performed on a 
function f(x,y), Equation 6 would be the result.
oo oo
F (u ,v )= f  J f ( x ,y ) e i27:(ux+vt,)dxdy ( 6 )
— 00 — 00
This is illustrated in Figure 3. The shaded 
circle in Figure 3 is the two-dimensional Four­
ier transform of the function f(x,y). The trans­
formed coordinates are designated as u and v.
Similarly, if a 1-D Fourier transform is per­
formed on the projection data P(6), Equation 7 
would result.
oo
S e( c o )= f  P (d , t ) e j2nMdt (7 )
To relate the 1-D Fourier transform of the 
projection of an unknown function f(x,y) to the
2-D Fourier transform of the same unknown 
function, we make use of the Fourier Slice 
Theorem5-. As an illustration, for the angle of 
measurement 0 = 0, Equation 6 reduces to
oo
F(u,v)\g=0= J  P{Q,x)e~2n(ux)dx ( 8 )
The right-hand side of Equation 8 is just 
Equation 7 measured at 6 — 0. To help in visual­
izing the relationship of Equation 7 to Equation 
8, refer to Figure 4. Figure 4 shows that if a 1 
-D Fourier transform is performed on projec­
tion P(9), the result would correspond to the
KONA No. 10 (1992) 89
data points in the line a t an angle 8 in the 
transformed coordinate axes u and v. The u 
and v coordinate system represents the 2-D 
Fourier transform of the unknown function f(x, 
y). This is the same coordinate system shown in 
Figure 3.
Fig. 3 An illustration showing the function f(x,y) after it 
undergoes a 2-D Fourier transform operation. The 
transformed coordinate system is designated by vari­
ables u and v.
By extension of logic, it can be concluded 
that, to construct a 2-D Fourier transform of an 
unknown function, one has to collect projection 
data at different angles, perform a 1-D Fourier 
transform on the projection data and finally
plot the data on the u and v coordinate system. 
Once the 2-D Fourier map is completed, it is a 
simple matter of performing a 2-D inverse 
Fourier transform to reconstruct the image.
The above discussion provides a mathemati­
cal basis for the relationship between the pro­
jected data and the image reconstruction which 
is the foundation of CT technology. In practice, 
however, the above procedure is not followed. 
The reasons for deviating from the theoretical 
approach are twofold : 1) algorithm stability 
and 2) computational efficiency. Figure 5 
shows a block diagram for one of the proce­
dures used to obtain an image from CT projec­
tion data. The first step is to collect the projec­
tion data from the CT machine. The next step 
is to perform a convolution between the projec­
tion data and a suitable filter. The filtered 
projection is then back-projected to obtain the 
reconstructed image. Additional image-proces­
sing techniques such as thresholding can be 
applied to obtain more pleasing images.
Back-projection is a discrete operation that 
mimics the operation of the CT machine but is 
done in the reverse manner. Figure 6 shows a 
simplified illustration of the projection and 
back-projection operations. The upper part of 
Figure 6 shows a sample conveniently subdivid­
ed into nine parts. The apparent density of 
each part is shown. If a ray is passed through 
the sample at an angle of 0 degrees, as shown by 
the broad gray-shaded line, it will report that 
the apparent density of the cross section that
Fig. 4 A drawing showing how the 1-D Fourier transform 
of the projection P(0) can be mapped into the 2-D 
domain of the transformed coordinate system.
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Fig. 5 A block diagram showing the steps necessary in the 






Fig. 6 An illustration showing how the projection operation 
determines the apparent density of the material that 
an X-ray beam traverses. The lower drawing shows 
how the back-projection operation places the calcu­
lated density in the synthetic grid designed to repre­
sent the sample being scanned.
has been traversed is 4. The value 4 represents 
the projected density through the middle of the 
sample at an angle 0 given by ray Ri. During 
the back-projection operation, R2 traverses a
grid designed to represent the sample being 
scanned and places the value 4 on all the blocks 
it intersects. The geometric characteristics of 
R2 (location and angle) are precisely the same 
as Ri. At first glance, it appears that the results 
of the reproduction operation are very different 
from the values of the original sample. How­
ever, if the projection and back-projection oper­
ations are performed using a large number of 
angles and if the final back-projected image is 
normalized by the number of angles used, the 
reconstructed image approximates the original 
sample.
Advanced Reconstruction Algorithm
In order to obtain more accurate reconstruc­
tion of tomographic images, a new algorithm is 
being developed6-. This algorithm draws from 
the strength of the filtered back-projection 
methods but is iterative in nature. This 
approach allows for the inclusion of a priori 
information into the solution. A block diagram 
of the unit operations involved in the algorithm 
is shown in Figure 7. The basic steps in the new 
algorithm are as follows :
1 Obtain the projection data (sinograms) 
from the CT machine.
Convolve the projections with a suitable 
filter.
Perform the back-projection.
Normalize the resulting image.
Use a synthetic projector to create a new 
set of projection data from the reconstruct­
ed image.
Compare the new set of projection data 
with the original data from step 1. 
Generate a set of error vectors. 
Back-project the generated error vectors 
to form an error image.
Combine the error image with the original 
image to create a corrected image. If satis­
fied terminate the iteration, otherwise go 
back to step 5.
The unit operations enclosed in the dashed- 
lined block represent the steps normally present 
in a conventional CT reconstruction. All other 
unit operations shown represent enhancements 
that are introduced by the new algorithm.
The effectiveness of the new algorithm was
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CT Machine
Conventional Algorithm
Fig. 7 A block diagram showing the various operations of 
the advanced algorithm. The operations enclosed in 
the dotted rectangle represent operations that are 
present in the conventional CT reconstruction algor­
ithm.
tested by performing a numerical simulation. 
The simulation pattern consisted of three con­
centric squares. This test pattern is shown in 
Figure 8. The outermost square has a density 
of 4.0 g/cc, the middle square has a density of 2.
0 g/cc and the innermost square has a density of
8.0 g/cc. The test pattern was chosen so that 
streaks emanating from the high-density 
square could be easily seen. The simulation 
was done using a 256 x 256 computational grid. 
All calculations were performed using a Star- 
dent 3040 graphics workstation.
reconstructed image from the known original 
test pattern. The definition is given below.
Image E rror=
(ioriginal image—reconstructed image)2 
original image2
( 9 )  ■
where,
original image — the density values o f the test 
pattern
reconstructed image = the density values of the 
reconstructed image.
Table 1 presents the image errors calculated 
from a conventional filtered back-projection 
algorithm and from the new algorithm. The 
number of iterations used was 3. The results 
show that the new algorithm was able to reduce 
the reconstruction error by a factor of 2.
Table 1 Comparison of image errors obtained from the 
conventional filtered back-projection method and 
from the new algorithm after 3 iterations
Fig. 8 The image used to test the applicability of the 
advanced reconstruction algorithm. Conventional New Algorithm
Image Error 0.0791 0.0328
In order to quantify the overall reconstruc­
tion quality, a criterion called image error was 
defined. This represents the ’’distance” of the
Particulate Processing Applications
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Coal quality is determined, to a large extent,
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Fig.
tested by performing a numerical simulation. 
T h e  simulation pattern  consisted of three con­
centric squares. This test pattern is si'own is; 
Figure 8. The outermost square has  a density 
of -t.o g/ec, the middle square has a density of 2.
0 g /cc  and the innermost square Iras a density of
8.0 g/cc. T he  test pattern  was chosen so that, 
s treaks  em an a tin g  from  the high density 
square could be easily seen. T he  simulation 
was done using a 256 x  256 computational grid. 
Ail calculations were performed using a Star- 
dent 3040 graphics worksta tion.
A b iock  em igrant snow ing  in e  v a r io u s  o p e ra tio n s  or 
the  ad v an ce d  a lg o rith m . T h e  o p e ra tio n s  endow ed in 
th e  d o tted  rm a ss g le  rep re sen t o p era tu m *  th a t  a re  
p resen t in th e  convention ;!; C T  re c o n s tru c tio n  a lg o r ­
ithm . ■
reconstructed image from the known original 
rest pattern. T he  definition is given below.
Fiff. H T h e  h a a g e  used to u ;st th e  ap p lic a b ility  o f th e
ad v a n c e }  tw o sis i ru c tio n  a lg o rith m .







original image : the density values of the test 
pattern
reconstmctce/ image ::: Ike density values of the 
reconstructed image.
Table 1 presents the image errors calculated 
from a conventional filtered back-projection  
algorithm and from the new algorithm. T he 
number of iterations used was 3. T he results 
show tha t  the new algorithm  was able to reduce 
the reconstruction e r ro r  by a factor of 2.
T ab le  1 C o m parison  ot linage  e r ro rs  o b ta in ed  from  :.he 
co n v en tio n a l f ilte re d  b ack - p ro jec tio n  m eth o d  an d  
fro m  th e  w '\v  s ilgo rhhm  afte r  3 ite ra tio n s
C onventional N ew  A lgorithm
im a g e  E rro r 0.0791 0 . 032S
In order to quantify the overall reconstruc­
tion quality, a criterion called image e rro r  was 
defined. T h is  represents the "distance” ot the
P a r t ic u la te  Processing- Applications 
Coal quality is determined, to a large extent,
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by both its calorific value and its associated 
mineral-matter content. The mineral-matter 
impurities not only decrease the heating value 
of steam coal but are also responsible for 
maintenance and pollution problems during 
subsequent combustion. The mineral-matter 
dispersion gives rise to a continual variation in 
particle density best described by the wa- 
shability curve. A coal-washability curve is 
important to the process engineer because it 
shows the limits of any physical separation of 
mineral matter from coal. Thus, the wa- 
shability curve provides information on the 
expected quality of the clean coal product.
The conventional method for determining the 
washability curve is based on the series of sink 
-float separations using heavy liquids7-. The 
steps that are necessary for this operation are 
as follows I
1. The coal sample is first sized into different 
size intervals, from 38 mm down to 0.1 mm.
2. For each size class, a suitable amount of 
sample is taken.
3 . Then, dense liquid separations are perfor­
med for each size class-a series of binary 
fractionation based on density.
4 . From the weight and analysis of each den­
sity fraction in step 3, the coal-washability 
curve for each size class is created.
In the case of X-ray CT-based washability 
calculation8-, the third step of the conventional 
approach is replaced by a series of steps based 
on CT scanning of the sample and 3-D recon­
struction. Thus, in similar fashion, the steps 
needed in constructing a washability curve are 
as follows :
1. The coal sample is first sized into different 
size intervals, from 38 mm down to 0.1 mm.
2 . For each size class, a suitable amount of 
sample is taken.
3 . Density fractionation by CT analysis.
a . Each sample is loaded into a separated 
cylindrical container, placed in the CT 
scanner and properly aligned.
b . CT measurements (sequential scans) 
are taken as the container passes 
through the scanner in predetermined 
scan spacings.
c . Computer analysis is performed on the
scan data to determine the 2-D density 
data.
d . The 2-D CT images (density data) are 
then used to reconstruct the particles in
3-D.
e . The particles are isolated and the mass 
and volume of each particle is calcu­
lated.
4 . From the weight and density calculations 
in step 3, the coal-washability curve for 
each size class is created.
Fig. 9 Sequential 2-D X-ray CT scans of a coal sample. 
The grey-shaded bar at the right-hand side of the 
photograph represents the density scale in terms of 
CT number.
Figure 9 shows the sequential 2-D X-ray CT 
scan of the coal sample. The scale bar (CT 
number) located at the right-hand side of the 
figure indicates the relative density of the 
material. Figure 10 shows the washability 
curve for the coal sample as obtained by both 
the conventional sink-float analysis and CT- 
based method. From these results, it is evident 
that coal-washability curves derived from the 
CT-based technique are in good agreement 
with the results obtained by the conventional 
sink-float analysis.
Air-Sparged Hydrocyclone (ASH) Flotation
The air-sparged hydrocyclone (ASH) is dis­
tinguished by its high-specific capacity for fine 
particle flotation in a centrifugal field. To 
elaborate, it is now evident that the ASH has a 
specific capacity of at least 100 times that of
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by both its calorific value and its associated 
m inera l-m atte r  content. T he m inera l-m atte r  
impurities not. only decrease the heating value 
of steam coal but a re  also responsible for 
maintenance and pollution problems daring 
subsequent: combustion. T he  mineral--matter 
dispersion gives rise to a  continual varia tion  in 
particle density best described by the wa- 
shability curve. A coal-w ashability  curve is 
important to the process engineer because it 
shows the limits of any physical separation  of 
mineral m atte r  from coal. Thus, {.he wa- 
sbahility curve provides information on the 
expected quality  of the clean coal product.
The conventional method for determining the 
washability curve is based on the series of sink 
••float separations using heavy liquid*'-’". The 
steps that a re  necessary for this operation are 
as toliows
1 . T h e  coal sample is first sliced into different 
size intervals, from 38 ram down to 0 . 1 mm.
2 ,  For each size class, a suitable am ount of 
sample is taken,
3 , Then, dense liquid separations are  p e r fo r­
med for each size class- a ser ies of binary 
fractionation based on density.
4 , From the weight and analysis of each d e n ­
sity fraction in step 3, the coal washability 
curve tor each size class is created,
in the case of X -ray  C T  based washability 
calculation8', the third step of the conventional 
approach is replaced by a series of steps based 
on C T  scanning of the sample and 3 1) recon­
struction. Thus, in similar fashion, the steps 
needed in constructing a washability curve are 
as follows :
1 . T he coal sample is first si?;ed into different 
size intervals, from 38 mm down to 0,1 mm.
2 .  F o r  each size class, a suitable amount of 
sample is taken,
3 ,  Density fractionation by CT analysis.
a . Each sample is loaded into a separated  
cylindrical container, placed in the CT 
scanner and properly aligned,
b , CT m easurem ents (sequential scans) 
a re  taken as the container passes 
through the scanner in predetermined 
scan spacings.
. Computer analysis is performed on the
scan data  to determine the 2-D density 
data.
d , The 2-D CT images (density data) are  
then used to reconstruct the particles in 
3 D .
e , T he particles are  isolated and the mass 
and volume of each particle is calcu­
lated.
4 , F rom  the weight and density calculations 
in step 3. the coa l-w ashability  curve for
each size class is created.
Fig, 9 Sequential 2-D X ray CT scans, oi a coa! sample. 
The grey-'shaded bar at the right-hand side of the 
photograph represents the density scale in terms of 
CT rsnmber.
F igure  9 shows the sequential 2-D X -ray  CT 
scan of the coal sample T he scale bar (CT 
number) located at. the right hand side of the 
figure indicates the relative density of the 
m aterial.  Figure 10 shows the washability 
curve for the coa! sample as obtained by both 
the conventional s ink-float  analysis and CT 
based method. From these results, it is evident 
that coal w ashabhity  curves derived from the 
C l '-b ased  technique are in good agreement 
with the results obtained by the conventional 
s ink-float  analysis.
Air S parged  H ydroeyclone (ASH) F lo ta tion
T he a ir-sparged  hydrocyclone (ASH) is dis­
tinguished by its high specific capacity for fine 
partic le flotation in a centrifugal field. To 
elaborate, it is now evident that the ASH has a 
specific capacity of a t least 100 times that of








S P E C IF IC  G R A V IT Y  ( - )
Pig. 10 A comparison of the coal-washability curve con­
structed using CT techniques with the coal-wa­
shability curve obtained by the traditional sink-float 
method.
conventional flotation equipment. The air- 
sparged hydrocyclone has shown promising 
potential for the flotation of copper porphyry 
ore, low-grade placer gold, auriferous pyrite 
ores, and various industrial minerals. Another 
promising application has been found to be the
use of ASH for fine coal flotation. This has 
been demonstrated for a number of U.S. and 
Canadian coals. Also, attention has been given 
to applications of air-sparged hydrocyclone 
flotation technology outside of the mineral 
industry, including the pulp and paper industry 
and the food industry. The most significant 
development, however, is the construction of a 
20-million dollar waste-paper recycling plant 
which will use ASH technology for the de-ink­
ing flotation.
A schematic diagram of the air-sparged 
hydrocylone is shown in Figure 11. The main 
features of the air-sparged hydrocylone (ASH) 
are a porous tube through which air is sparged 
and a tangential flow of the particle suspension 
orthogonal to the airflow. The suspension 
passes downward through the separator in 
swirl flow and a counter-current flow of the 
froth phase moves upward and towards the 
center of the device. Hydrophilic particles are 
thrown against the porous tube wall by the 
centrifugal field and are discharged at the bot­
tom as tailings. Hydrophobic particles encoun­
ter the air bubbles which are sparged radially 
through the porous wall. Particle/bubble 








Fig. 11 A perspective drawing of the air-sparged hydrocy­
clone (ASH).
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Fig. 18 A comparison ;>f th e  co a :--w ash ab ility  c a rv e  c o n ­
structed using  CT techniques w ith  th e  co a l-w a- 
s ta b il i ty  cu rv e  o b ta in e d  by  ih f  traditional sink-float 
method
conventional flotation equipment. T he a ir-  
sparged hydrocyclone has shown promising 
potential for the flotation of copper porphyry 
ore, low grade placer gold, auriferous pyrite 
ores, and various industrial minerals. Another 
promising application has  been found to be the
use of A SH for fine coal flotation. This  has 
beer; dem onstrated  for a number of U.S. and 
Canadian coals. Also, attention has been given 
to applications of a ir-sparged  hydrocvcione 
f lotation technology outside of the mineral 
industry, including the pulp and paper industry 
and the food industry. T he  most significant 
development., however, is the construction of a 
20 million dollar waste paper recycling plant 
which will use ASH' technology for the d e - ink ­
ing flotation.
A schematic d iagram  of the air sparged 
hydrocylone is shown in F igu re  1.1. T he main 
features of the a ir-sparged  hydrocylone (ASH) 
are  a porous tube through which air is sparged 
and  a tangential flow of the partic le suspension 
orthogonal to  the airflow. The suspension 
passes downward through the separato r in 
swirl flow and a counter current flow of the 
froth phase moves upw ard  and tow ards the 
center of the device. Hydrophilic particles are 
thrown against the porous tube wall by the 
centrifugal field and are discharged at the hot- 
torn as tailings. Hydrophobic particles encoun­
ter the a ir  bubbles which are sparged radially 
through the porous wail. Partic le/bubble 
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cles are transported into the froth phase which 
exits axially at the top of the cyclone through a 
vortex finder9,10,11-.
In order to gain a better understanding of 
how different particles are distributed inside 
the air-sparged hydrocyclone, CT scans have 
been performed on an operating ASH unit. 
Figure 12 shows an example of the CT data 
obtained for a suspension of hydrophilic lime­
stone particles (20% solids) flowing at 20 gpm 
with the air-flow rate of 200 slpm. In Figure 12 
the time-averaged density is plotted versus the 
position along a straight line for a particular 
cross-sectional scan of the ASH. By analyzing 
the scan sections made at different sections of 
the ASH, information regarding the density 
profile (time averaged) can be obtained. This 
information is being used to understand the 
fundamentals of the complex multiphase flow, 
optimize the operating conditions and thus 
improve the separation efficiency.
Fig. 12 ASH CT images with the reconstructed density of 
the segregated multiphase flow plotted with respect 
to radial position in the ASH at a particular eleva­
tion.
Conclusion
This paper demonstrates the effective use of 
CT technology in engineering applications, 
more specifically, to particulate systems. By 
using suitable algorithms, an alternative 
method of constructing the coal-washability 
curve has been developed. Furthermore, the 
time-averaged density profiles obtained from 
CT scans of an operating air-sparged hydrocy­
clone (ASH) have proved to be invaluable in 
helping to optimize the operating variables. 
Although the early results have been quite suc­
cessful, much work needs to be done in the
following areas : 1) advanced CT algorithms, 
2) 3-D computer graphics, and 3) particle isola­
tion algorithms.
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oies are transported  into the froth phase which 
exits axially  at the top of the cyclone through a 
vortex finder9-1'’-51".
In order to gain a be tte r  understanding of 
how different partic les a re  distributed inside 
the air sparged hydrocyclone. CT scans have 
been perform ed on an operating ASH unit. 
Figure 12 shows an example of the CT data  
obtained for a suspension of hydrophilic lime­
stone particles (20% solids) flowing a t 20 gprn 
with the a ir  flow ra te  of 200 si pm. In Figure 12 
the t im e-averaged  density is plotted versus the 
position along a s traight line for a par ticu lar  
cross sectional scan of the ASH. By analyzing 
the scan sections made at different sections of 
the ASH, information regarding the density 
profile {time averaged) can. be obtained. This  
information is being used to understand the 
fundamentals of the complex multiphase flow, 
optimize the operating  conditions and thus 
improve the separation efficiency.
Pig. 12 A S K  C T  im a g e s  w ith  th e  rticu rw tn ic ted  d en s ity  of 
th e  se g re g a te d  m u ltip h a se  flow  plotU id w ith  respec t 
to  ra d ia :  p o sitio n  in th e  A SH  a t  a  p a r t ic u la r  e le v a ­
tion .
Conclusion
This paper dem onstrates the effective use of 
CT technology in engineering applications, 
more specifically, to particu la te  systems. By 
using suitable a lgorithm s, an  a l te rn a t iv e  
method of constructing the coal washability 
curve has been developed. Furthermore, the 
t im e-averaged density profiles obtained from 
CT scans of an operating  a ir-sparged  hydrocy­
clone (ASH) have proved to be invaluable in 
helping to optimize the operating  variables. 
Although the early  results have been quite suc­
cessful, much w ork  steeds to he done in the
following areas  : I) advanced CT algorithms.
2) 3-D computer graphics, and 3,i particle iso la­
tion algorithms.
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